We present a scalable synthesis of 3 0 -amino-3 0 -deoxy-2-thio-thymidine-5 0 -phosphoro-2-methylimidazolide, an activated monomer that can copy adenosine residues in nucleic acid templates rapidly without a polymerase. The sulfur atom substitution enhances the rate of template copying by 5-fold compared with the 3 0 -amino-3 0 -deoxy-T monomer, while the 3 0 -amino monomers exhibit a 2-to 30-fold enhancement compared with their ribonucleotide counterparts.
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Nonenzymatic template-directed replication of nucleic acids has been hypothesized to be the mechanism of information transfer in primitive cells prior to the advent of ribozyme polymerases. 1 Early efforts involving high-energy nucleotide monomers such as 5 0 -phosphoro-2-methylimidazolides (or 2-MeImpNs) (Fig. 1, top) showed that RNA templates consisting of C residues can be copied by 2-MeImpG in hours to days in the presence of divalent cations (typically Mg   2+ ). 2 However, no enzyme-free process has yet been discovered that enables the rapid and efficient copying of mixed-sequence RNA templates with activated ribonucleotide monomers. This problem has stimulated interest in alternative nucleic acids that might exhibit faster replication chemistry; such polymers are of interest both with respect to the origin of life and in the context of designing artificial life forms based on non-biological chemistry. The most promising non-biological nucleic acids are the phosphoramidate polymers, which are assembled from nucleotides with an amino group on the sugar instead of the less nucleophilic hydroxyl. N3 0 -P5 development and quantitative analysis of this system has been hindered by lack of access to the critical substrate, the 5 0 -phosphoro-
, which could previously be synthesized only in small quantities because of the expensive starting material and the very low yield of the desired product.
Here, we present a concise and scalable synthesis of 3 0 -amino-2-thio-T and the corresponding 5 0 -phosphoro-imidazolide, 3 0 -NH 2 -2-
T. We also present the first quantitative investigation of template-copying kinetics using this activated nucleotide. Our results show that nonenzymatic 3 0 -NP-DNA synthesis using the 2-thio modified 3 0 -amino-T phosphoro-imidazolide monomer is significantly faster than with unmodified 3 0 -amino-T, and is also considerably faster than RNA synthesis with activated U and 2-thio-U. After converting 3 into the acetate 4, we were able to incorporate the sulfur atom into the nucleobase using H 2 S in the presence of tetramethylguanidine (TMG) 14 (see Fig. S1 in the ESI † for details of the reaction setup).
1
H NMR analysis of an aliquot of the crude reaction mixture after 1 hour revealed that 4 was fully consumed, while two new species were formed: 3 0 -amino-2-ethoxythymidine 5 and 3 0 -amino-2-thio-thymidine 6, in a molar ratio of 2 : 1 (5/6).
The relative abundance of 6 continued to increase as the reaction progressed [up to ca. T is 1.3 h (see the ESI † for details) under optimized primer extension conditions [100 mM 1-(2-hydroxyethyl)-imidazole, pH 7.5, 4 1C], we tracked primer extension only up to a maximum of 1 h. We determined observed rate constants k obs for the first step of the primer extension by following the loss of unreacted primer over time (Fig. 2) .
At a 10 mM initial concentration of 3 0 -NH 2 -2-MeImpddT (Fig. 2, left) , k obs of primer extension was 0.42 h À1 (Table 1 , entry 1).
Notably, 2-thio modification led to about a 5-fold rate enhancement (Fig. 2, right T:A base pair compared to a canonical T:A base pair, 16 as well as the more 3 0 -endo-like sugar puckering of 2-thio-nucleotide, which is the favoured sugar conformation in nonenzymatic primer extension reactions. 17 The k obs values for reactions containing the activated ribonucleotides lower than the values for the activated 3 0 -amino nucleotides described above (Table 1) , even though these ribonucleotide polymerizations were assayed in the presence of 200 mM Mg 
